Introduction
Gallium oxide has attracted significant attention as material due to its very interesting physical and electrical properties. Depending on growth conditions, β-Ga2O3 can be an insulator or a semiconductor; growing under oxidizing conditions results in insulating β-Ga2O3, whereas that growing under reducing conditions is conductive [1] . Intentionally doped with IV-group elements β-Ga2O3 also attains semiconducting properties [2] [3] [4] . Ga2O3 is considered as a promising material for various applications such as: optoelectronic devices in deep UV range, gas sensing, transparent electronic devices, metaloxide-semiconductor (MOS) capacitors, resistive switching memory devices, antireflection coatings due to its favorable properties -wide band gap(about 5 eV), medium dielectric constant, good dielectric strength and deep-UV (<300 nm) transparency [3, 5] . Since many of these devices have been and will likely continue to utilize silicon, it is important to investigate the properties of Ga2O3 integrated into a Si device. Although the properties of Ga2O3 as a wide bandgap semiconductor attracts more interest, its potential as a dielectric material has also been considered and studied [6] [7] [8] . For example, Ga2O3 metaloxide semiconductor field effect transistors (MOSFETs) with high breakdown voltages, large ON/OFF ratios, and high temperature operation have been recently demonstrated [9, 10] . Variety of thin film deposition methods such as different physical vapor deposition techniques, sol-gel, pulsed laser deposition, atomic layer deposition and chemical vapour deposition (CVD) were implemented to achieve better quality of Ga2O3 thin films. CVD is the method of choice in this paper since it is applicable for growth of a large number of metals, elemental or compound semiconductors and dielectric thin films with structure ranging from amorphous to polycrystalline and single-crystalline [11, 12] . It is an industry- 2. Experimental procedure p-type Si (100) wafers were used as substrates in the deposition process. They were chemically cleaned and etched just before loading in the reactor to control the thickness of the native SiO2.Тhin films of Ga2O3 were grown at 750 °C by MOCVD in a horizontal cold-wall reactor employing the metal-organic compound trimethylgallium (TMGa) and oxygen as precursors for Ga and oxygen, respectively. The TMGa bubler was kept at temperature of 10 o C. Argon was used as a transport gas. No special buffer layers or substrate pretreatments were employed on the Si substrates.
Ga2O3 films with different thickness in the range of 15-130 nm were deposited. Metal-Oxide-Si (MOS) capacitors with an area S=2.8x10 -3 cm 2 are formed by evaporating Al through a shadow mask. The electrical properties were studied by capacitance-voltage (C-V) measurements. The measurements were carried out in a dark chamber employing Agilent 4980A LCR meter. Characterization by spectroscopic ellipsometry is also performed to obtain information about the optical constants and the thicknesses of layers. The ellipsometry measurements were performed using J.A. Woollam Co., Inc. M2000D rotating compensator spectroscopic ellipsometer with a CCD spectrometer with wavelength range from 193 to 1000 nm. Experimental data were acquired at angles of incidence of 65, 70 and 75 degrees and were modelled using the CompleteEASE Woollam Co., Inc. software.
Results and Discussion
The typical frequency dependent C-V curves for thinnest (15 nm) Ga2O3 sample are presented in figure 1 (a). Similar very strong dependence of capacitance on the frequency is observed also for thicker samples. In figure 1 (b) the capacitance in accumulation in dependence on frequency is presented for samples with different thicknesses. As is seen for thicker samples the dependence is weaker. The C-V curves of different samples measured at 1 kHz are compared in figure 1 (c). The parameters extracted from 1 kHz curves -effective dielectric constant, εeff, flat-band voltage, Vfb, effective oxide charge,Qeff, are presented in table 1. Here, thicknesses are determined ellipsometrically using a single layer model. The effective oxide charge (Qeff) is calculated from the C-V curves using the flat-band voltage shift and is found to be negative with a density in the order of 4x10 12 cm -2 and is only slightly dependent on the thickness. Net negative oxide charge in Ga2O3 layers has been observed also in other works [8] . It should be pointed-out that most of the metal oxides used as high-k dielectrics (e.g. HfO2, ZrO2, Ta2O5, etc.) in nanoelectronic devices exhibit effective positive oxide charge. Therefore, Ga2O3 may be considered as a possible dopant of high-k dielectrics in applications where compensation of oxide charges, hence low net oxide charge is needed. As is seen in figure 1 (a) with decreasing frequency the curves shift to more positive voltages, which also reveals negative charge trapping. Therefore, the frequency behavior of C-V curves implies existence of electron traps with significant density. The shift of C-V curves and the hysteresis can be attributed to the combined effect of the slow and fast interface states. In this context, the lack of hysteresis and the steeper C-V curve measured for 15 nm Ga2O3 films implies the better interface quality of the thinnest samples. The decreased slope of the curves for thicker films is a clear indication of increased density of fast interface states. The thicker samples demonstrate also significant hysteresis, which reveals charge exchange between Si substrate and electrically active traps in the dielectric stack.
As is seen from table 1 the effective permittivity of layers depends on the thickness and decreases very strongly with decreasing thickness. This strong dependence is assigned to the growth of interfacial SiO2 and formation of a double-layer structure. In this case the structure could be represented by two capacitors CSiO and CGaO with SiO2 and Ga2O3 dielectrics, connected in series and the total capacitance could be written as:
which can be re-written also as: where the equivalent oxide thickness of the stack EOT is evaluated from the capacitance in accumulation of C-V curves. dSiO and dGaO are the thicknesses of SiO2 and Ga2O3 layers and εSiO and εGaO -their permittivities. In figure 1(d) , the EOT vs Ga2O3 thickness (dGaO) dependence is presented. As is seen from equation (2) this dependence should be a straight line and dSiO could be found from its intercept with the y-axis, and the slope of the curve gives the permittivity of Ga2O3 dielectric. The fitting gives a value of SiO2 thickness dSiO = 8.6 nm. Therefore, electrical measurements reveal formation of very thick SiO2 at the Ga2O3/Si interface. The permittivity of Ga2O3 is estimated to be about 16.3, which is slightly larger than the reported values of about 10-15 by other authors [8, 13] . The reasons for the strong frequency dispersion ( figure 1 (a) ) can be: i) underoxidized films in which oxygen deficiency leads to poor insulating properties [14] . In the case of existence of defective conductive regions interspersed in insulating material a dramatic increase of dielectric constant with decreasing frequency is observed and the obtained permittivity at low frequencies is unrealistically large [14] . In our case although the same behaviour of capacitance with frequency is observed, the values of εGaO at low frequency are consistent with values typically reported. Also, as will be seen below, the results from spectroscopic ellipsometry reveal well oxidized layers; ii) Maxwell-Wagner polarization which arise from charge accumulation at the interface between two materials which have different conductivities [15] . Having in mind the results obtained, this is the most probable reason for the large frequency dispersion in the samples under consideration. The binary metal oxides are inherently thermally unstable in contact with Si and formation of thin interfacial SiO2 layer is unavoidable. In most of the cases, however, the thickness of this interfacial layer is less than 3 nm and the obtained here thickness of about 8 nm is very surprising. Therefore, we performed spectroscopic ellipsometry measurements to determine the thicknesses of Ga2O3 and interfacial SiO2.
For ellipsometric modelling a three-layer model was used to represent the sample, consisting of a silicon substrate, a silicon oxide layer (as a 1 st layer), a Ga2O3 layer as a second layer and a roughness layer as a third layer. For the silicon substrate and the silicon oxide layer we used the models from the CompleteEASE software database. The experimentaly obtained parameters Ψ and Δ were then fitted in the transparent area from 500 to 1000 nm using the Cauchy model. The Ga2O3 layer was then parametrised using first the b-spline model and then the General oscillator model with one Cody-Lorentz oscillator. The thicknesses of the silicon native oxide layer and the Ga2O3 layer were determined in the transparent area from 500 to 1000 nm and fixed. The dispersion of the dielectric functions was then determined by fitting Ψ and Δ in the entire wave length (λ) range from 193 to 1000 nm. The General oscillator parametrization ensures Kramers-Kroning consistent optical properties [16, 17] . The roughness layer was modeled by Bruggeman's EMA (Effective Medium Approximation) of 50% voids and 50% bulk material [16] . The values for the thickness as determined from the above described model are: 128.8 nm for the Ga2O3 layer and 7.7 nm for the silicon oxide layer. The roughness of the Ga2O3 The dispersions of the refractive index n and the extinction coefficient k are presented in figure 2 . The values of n, especially its maximum value (~ 2.27), are larger than the reported by other authors [18] . As the higher n indicates more dense films without pores, this means that the MOCVD technique results in denser Ga2O3 layers. This can explain also the higher dielectric constant as compared to films deposited by other techniques.
The optical bandgap can be derived from the relation: αhν ~ (hν -Eg) h , where α=2πk/λ is the absorption coefficient at photon energy hν and h depends on the type of transition (h=1/2 for direct bandgap and h=2 -for indirect) [19] . Figure 3 shows that linear fit is obtained for h=1/2, which reveals a direct bandgap. The extrapolation of the linear part of the curve to zero yields Eg = 5.1 eV. The bandgap of Ga2O3 layers is reported to be in the range 4.3 -5.1 eV depending on its thickness and crystalline status [18] . Also, the better oxidation results in increase of Eg and better insulating properties of Ga2O3 [18] . Therefore, the large Eg = 5.1 eV obtained for our films reveals good oxidation, i.e. the strong frequency dispersion of capacitance is not due to poor oxidation.
Conclusion
The following conclusions could be drawn from the results obtained. Ga2O3 layers deposited on Si by MOCVD exhibit better dielectric and optical properties -larger relative dielectric constant of ~16, larger optical bandgap of ~5.1 eV and larger refractive index (revealing more dense films) as compared to the reported values for Ga2O3 layers deposited by other techniques. However, the high deposition temperature (750 °C) of MOCVD process stimulates formation of a very thick SiO2 interfacial layer which could be a serious problem to integrate Ga2O3 on Si. The different conductivities of Ga2O3 and SiO2 layers resulting in an accumulation of charge at the Ga2O3/SiO2 interface is the most probable reason for the observed strong frequency dispersion of capacitance. Technological approaches to eliminate or suppress formation of SiO2 should be found in order to successfully integrate Ga2O3 in Si technology.
